Large conductance, calcium-activated K^+^ channels (BK channels) are widely distributed throughout the CNS, and play an important role in regulating neuronal action potential duration, the extent of fast after-hyperpolarization and burst firing frequency[@b1][@b2][@b3]. BK channels are also prominent in the pre-synaptic membrane, where they regulate the magnitude and timing of depolarization-evoked calcium influx, thereby influencing neurotransmitter release at the synapse[@b4][@b5][@b6][@b7][@b8]. Genetic deletion of BK channel subunits in mice[@b9][@b10] and a gain-of-function channel mutation in humans[@b11][@b12] are associated with neurological disorders, such as ataxia and epilepsy. It is thus evident that alterations in neuronal BK channel activity give rise to CNS dysfunction and for this reason, it is critical to understand the mechanisms underlying BK channel regulation. In this study, we provide evidence that the co-chaperone, cysteine string protein (CSPα), controls the cell surface density of neuronal BK channels.

CSPα is a synaptic vesicle-associated protein that is broadly expressed in the nervous system and displays unique anti-neurodegenerative properties[@b13][@b14]. It is a member of the large J protein family[@b15]. CSPα contains an N terminal J domain and a middle region displaying a string of 13--15 cysteine residues[@b16], which are subject to palmitoylation and critical for anchoring CSPα to synaptic vesicles[@b17][@b18]. CSPα is active as a trimeric complex, composed of the heat shock cognate protein of 70 kDa (Hsc70) and the small tetratricopeptide protein (SGT)[@b19][@b20][@b21].

While not essential for neurotransmitter release, CSPα is required to maintain synaptic function in mice after 3 weeks of age. Genetically-modified mice lacking CSPα appear normal at birth, but around postnatal day 20, they develop progressive motor deficits and CNS degeneration, followed by early lethality between days 40--80[@b14]. The synapse loss in CSPα null mice is activity-dependent and synapses that fire frequently, such as those associated with photoreceptors and GABAergic neurons, are lost first[@b22][@b23]. It has been reported that 22 proteins are decreased in CNS synapses from CSPα knockout mice[@b24] and several other synaptic proteins appear to be putative clients for the CSPα chaperone system, based on association studies[@b25][@b26][@b27][@b28]. Which client protein(s) is critical for triggering the cascade of events leading to degeneration and which changes are downstream of the primary event is a current biological question. Specifically, studies in CSPα null mice reveal that the t-SNARE SNAP25 (synaptosomal associated protein of 25 kDa), which is fundamental for exocytosis, and the GTPase dynamin1, essential for endocytosis, are clients of the CSPα chaperone complex, leading to the prediction that loss of CSPα function would impair vesicle trafficking in neurons[@b24][@b29][@b30][@b31][@b32]. Interestingly, degeneration in CSPα null mice can be rescued by over-expression of wild-type, but not inactive mutants of SNAP-25[@b30]. Moreover, over-expression of α-synuclein, which does not have homology to either CSPα or SNAP-25, prevents degeneration in CSPα-null mice[@b29]. Exactly how these proteins compensate for loss of CSPα is not currently known. The importance of CSPα in synapse protection is well established, but our knowledge of the mechanistic events underlying this protection is weak and many questions remain.

The activity of BK channels is subject to an elaborate array of regulatory mechanisms including; modulatory accessory subunits[@b33], phosphorylation[@b34], palmitoylation[@b35] and alternative splicing[@b36]. In this study, we demonstrate that CSPα regulates cell surface expression of BK channels, which would be expected to modify synaptic function. We report that neuronal BK channel expression is increased in the brain tissue of CSPα null mice. We additionally demonstrate that mutation of a highly conserved motif in the J domain (i.e. HPD to AAA substitution) and deletion of residue 116 or replacement of Leu115 by Arg in the cysteine string region of CSPα increases BK current by selectively increasing cell surface BK channel expression. These data reveal a novel chaperone-based cellular mechanism that regulates BK channel expression in the CNS. These observations raise the intriguing possibility that CSPα-related dysregulation of BK current density may alter neuronal excitability and contribute to the pathogenic sequence of events in one or more neurodegenerative disorders.

Results
=======

BK channel was identified as a possible target protein of the CSPα chaperone complex based on our initial observation of robust changes in BK channel density in neuroblastoma cells co-expressing CSPα mutant proteins. Members of the J-protein family have been reported to regulate the trafficking/expression of several ion channel types, including: the hERG (human ether-a-go-go related gene) K^+^ channel[@b37][@b38], CFTR (cystic fibrosis transmembrane conductance regulator)[@b39] and the K~ATP~ channel (ATP-sensitive K^+^ channel)[@b40], leading to the prospect that J-proteins are components of the cellular machinery that make 'triage\' decisions regarding whether ion channels are trafficked and/or retained at the cell surface or degraded. To study the relationship between CSPα and BK channel expression, we first measured BK channel expression in wild-type and CSPα knockout mice. CSPα null mice are normal at birth, but after a lag period of 2--3 weeks, they stop gaining weight, and develop blindness, activity-dependent neuronal degeneration and progressive motor impairments. CSPα null mice typically die prematurely between 40--80 days[@b14]. Heterozygous mutant mice contain less CSPα protein than wild-type controls, while homozygous mutant mice lack detectable CSPα[@b14]. [Figure 1](#f1){ref-type="fig"} shows the expression of BK channel, Ca~v~2.2, Kv1.1 and K~v~1.2 channels in whole brain synaptosomal membrane fractions from CSPα^−/−^, CSPα^−/+^, and CSPα^+/+^ mice, as assessed by western blotting. BK channel expression is significantly elevated in CSPα null mice, whereas heterozygotes show expression levels similar to the wild-types. Moreover, the observed increase in BK channel is selective, as the tissue levels of Ca~v~2.2, K~v~1.1 and K~v~1.2 channels are not significantly altered in the brains of either the CSPα^−/−^ or CSPα^−/+^ mice compared with the wild-type control. Interestingly, BK channel α subunit mRNA was not elevated in the brains of CSPα^−/−^ mice, as determined by quantitative RT-PCR ([Table 1](#t1){ref-type="table"}), suggesting that the increased level of BK channel protein in CSPα^−/−^ brain tissue is not due to a transcriptional event. It is also well known that CSPα is primarily expressed in tissues exhibiting regulated secretion, such as the brain and pancreas[@b16][@b41]. In murine aortic smooth muscle, which has prominent BK channel levels, we observed no difference in the average level of BKα subunit expression amongst the three genetic backgrounds ([Figure 1C](#f1){ref-type="fig"}). Given that CSPα is not expressed in the aorta, this finding is not unexpected.

In order to gain mechanistic insight into the influence of CSPα on BK channel proteostasis, we generated a murine CNS-derived catecholaminergic (CAD) cell line[@b42] stably expressing a murine neuronal BK channel ([@b43]; see Methods Section) that would enable rigorous electrophysiological and immunocytochemical analyses of BK channel levels. The expression of BK channels in these cells was measured in the presence of myc-tagged CSPα or the myc-tagged loss-of-function mutant CSPα~HPD-AAA~. Functionally, mutation of the HPD motif (residues 43-45) in CSPα disrupts the integrity of the highly conserved J domain, thereby preventing CSPα from activating Hsp70/Hsc70 to carry out conformational protein folding[@b44]. Expression of the loss-of-function mutant CSPα~HPD-AAA~ is thus expected to override the activity of endogenous CSPα in CAD cells and act in a dominant-negative fashion[@b45]. [Figures 2A and B](#f2){ref-type="fig"} show Western blot analysis and corresponding mean data of BK channel expression in the stable CAD cell line 48 h following transient transfection with myc-tagged CSPα, CSPα~HPD-AAA~ or pCMV plasmid (negative control). As expected, 3 distinct species of CSPα were identified by Western blot in transfected cells; the 26 kDa immature form, the 34 kDa mature palmitoylated protein and the 70 kDa CSPα dimer[@b42][@b46]. In the presence of CSPα~HPD-AAA~, BK channel expression was elevated \~6-fold (657.5 ± 175.4%) compared with the plasmid control (100%). In contrast, increased levels of wild-type CSPα did not significantly change BK channel expression. As genetic knockout of CSPα is associated with elevated BK channel protein in brain tissue ([Figure 1](#f1){ref-type="fig"}), we speculated that CSPα may interact either directly or indirectly with neuronal BK channels under native conditions. However, we were unable to capture stable CSPα-BK channel complexes from wild-type mouse brain using a classic immunoprecipation strategy (n = 4, data not shown). Such an observation may either reflect a lack of complex formation between native CSPα and BK channels, or that such putative interactions are of a transient, low affinity nature and not detectable using this analytical approach.

As CSPα is a member of the highly conserved J protein family, we reasoned that other J proteins may also influence BK channel expression. Hsp40 (heat shock protein of 40 kDa) is a cytosolic member of the J protein family that is expressed constitutively, as well as in response to cell stress. Like CSPα, Hsp40 is neuroprotective and acts in concert with Hsc70, but the exact mechanism underlying its cell protective actions remains poorly characterized[@b47]. In CAD cells stably expressing BK channels, transient expression of either wild-type Hsp40 (99.3 ± 21.7%) or the loss-of-function mutant Hsp40~HPD-AAA~ (94.7 ± 9.5%) did not alter BKα subunit expression ([Figure 2B](#f2){ref-type="fig"}). Collectively, these results indicate that the loss-of-function mutant CSPα~HPD-AAA~ leads to a selective increase in BK channel levels, whereas an equivalent mutation in Hsp40, a related J protein, has no effect.

It has been reported that BKα subunits can undergo palmitoylation[@b35], prompting us to examine whether other palmitoylated proteins may also be increased in the presence of the CSPα mutant CSPα~HPD-AAA~. As shown in [Figure 2C](#f2){ref-type="fig"}, CSPα~HPD-AAA~ did not increase expression of the palmitoylated proteins[@b48][@b49] SNAP25, syntaxin1, GAP43 (growth associated protein of 43 kDa), and flotillin in BK stable CAD cells. In synaptosomes from CSPα null mice, we also did not observe changes in the expression of K~v~1.1 ([Figure 1A](#f1){ref-type="fig"}), another protein reported to be palmitoylated[@b50].

In order to evaluate the influence of mutant forms of CSPα on cell surface expression of functional BK channels, we carried out whole cell patch clamp electrophysiology to quantify active BK channels in single CAD cells. To distinguish BK channel current from endogenous voltage-gated K^+^ channels (i.e. K~v~1-type channels), we utilized 4-aminopyridine (4-AP, 5 mM) to block these channels and measured the remaining whole cell currents in the absence and presence of the highly selective BK channel inhibitor, penitrem A (100 nM)[@b51]. [Figure 3A](#f3){ref-type="fig"} shows a current-voltage plot of the penitrem A-sensitive whole cell current density recorded from CAD cells stably expressing BK channels that have been transiently transfected with either wild-type or mutant forms of CSPα. BK current density was significantly greater in the presence of the CSPα~HPD-AAA~ mutant compared with eGFP-expressing control cells, demonstrating higher surface expression of functional BK channels. In contrast, transient expression of wild-type CSPα had no effect on single cell BK current density, which is consistent with western blot data demonstrating very little effect of exogenous wild-type CSPα on the level of BKα subunit protein in BK stable CAD cells ([Figure 2B](#f2){ref-type="fig"}). [Figure 3B](#f3){ref-type="fig"} shows representative families of membrane currents recorded from BK stable CAD cells in the absence and presence of penitrem A under the described transfection conditions. The right hand column displays the penitrem A-sensitive current obtained by digital subtraction (i.e. left hand column minus middle column). These data clearly demonstrate that the CSPα loss-of-function mutant HPD-AAA increases cell surface expression of functional BK channels.

The CSPα Palmitoylation Mutants CSP~116~ and CSP~L115R~ Increase BK Channel Expression
--------------------------------------------------------------------------------------

In 2011, it was reported that novel mutations in human CSPα (i.e. deletion of residue 116 or replacement of Leu115 by Arg) are directly linked to adult-onset autosomal dominant neuronal ceroid lipofuscinosis (ANCL)[@b52][@b53][@b54]. ANCL is a rapidly progressive, neurodegenerative disorder in young adults, characterized by psychiatric manifestations, seizures, progressive dementia and motor deficits. Detailed pathogenic mechanisms of these CSPα mutations have yet to be elucidated, but individuals afflicted with ANCL display phenotypes reminiscent of the progressive motor deficits observed in the CSPα KO mouse. Both these mutations interfere with the palmitoylation of CSPα\'s cysteine string region, which is important for anchoring CSPα to synaptic vesicles. To evaluate the cellular effects of these putative dominant negative mutations, we examined the impact of CSPα~Δ116~ and CSPα~L115R~ mutations on the level of functional BK channel in our CAD cells stably expressing neuronal BK channels. Analysis of BK channel activity in the presence of either CSPα~Δ116~ or CSPα~L115R~ is shown in [Figure 3](#f3){ref-type="fig"}. BK channel current density is significantly greater in the presence of CSPα~Δ116~ and CSPα~L115R~mutants compared with either wild-type CSPα or eGFP-expressing control cells, but the increases are less than that observed with the CSPα~HPD-AAA~ mutant. Collectively, these data indicate that CSPα dysfunction has a profound effect on BK channel expression in a KO mouse model, as well as a model neuronal cell line.

To determine if the dysfunctional mutant CSPα~HPD-AAA~ could also affect BK channel activity in a non-neuronal cell, we recorded BK currents from a rat aortic smooth muscle cell line (i.e. A7r5[@b55]) stably transfected with the same BKα subunit cDNA used to create stable CAD cells. The data displayed in [Figure 4](#f4){ref-type="fig"} demonstrate that transient expression of either wild-type CSPα or CSPα~HPD-AAA~, as confirmed by immunocytochemistry ([Figure 4B](#f4){ref-type="fig"}), had no effect on BK current density in A7r5 cells stably expressing BKα subunits. These findings are thus consistent with the observed lack of effect of CSPα knockout on native BK channel levels in mouse aorta ([Figure 1C](#f1){ref-type="fig"}). Taken together, our data indicate that CSPα-mediated regulation of BK channels likely involves additional co-factors expressed in secretory cells, such as neurons.

Biochemical confirmation that the CSPα~HPD-AAA~-mediated increase in BK current density was associated with an increase in BK channel cell surface expression, along with the total cellular pool of channel protein, is shown in [Figure 5](#f5){ref-type="fig"}. For this purpose, CAD cells stably expressing BK channels were first transfected with CSPα variants, followed by labeling of intact cells with biotin. Biotinylated cell surface proteins were then extracted from the total cell lysate by streptavidin pull-down, followed by western blot analysis. The degree of BK channel biotinylation was evaluated in the presence of transfected CSPα, CSPα~HPD-AAA~ or pCMV plasmid as a negative control. Consistent with the data displayed in [Figures 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}, the results shown in [Figure 5A](#f5){ref-type="fig"} independently confirm that CSPα~HPD-AAA~ (lane 2) markedly increased the cell surface expression of BK channel compared with wild-type CSPα (lane 1) or the plasmid control (lane 3). These data are complemented by quantifiable changes in the immunofluorescence staining of BKα subunit expression in BK stable CAD cells that were transiently transfected with either wild-type or mutant forms of CSPα ([Figures 5B and C](#f5){ref-type="fig"}). Co-expression of eGFP was used as a marker of transiently transfected CAD cells. The elevated cellular expression of BK channels in the presence of dysfunctional CSPα mutants shown in [Figure 5B](#f5){ref-type="fig"} thus mimics the functional increase in BK current density, as determined by single cell patch clamp recordings ([Figure 3A](#f3){ref-type="fig"}). Whereas transient expression of wild-type CSPα did not significantly alter BK current density, it did reduce BKα subunit staining in BK stable CAD cells ([Figure 5B](#f5){ref-type="fig"}). This difference likely reflects the ability of immunocytochemistry to detect intracellular and cell surface pools of BK channels, the former of which may be more readily affected by increased levels of wild-type CSPα. Note that only very low background fluorescence was detected in BK stable CAD cells stained with only fluorescently-labeled secondary antibody ([Figure 5B](#f5){ref-type="fig"}, [2](#f2){ref-type="fig"}° Ab alone).

Discussion
==========

This study identifies the co-chaperone CSPα (DnaJC5) as a critical regulator of BK channel density in the neuronal plasma membrane. In CSPα null mice, we observed a \~2.5-fold increase in the level of BK channel protein in CNS synaptosomal fractions compared with wild-type littermates ([Figure 1](#f1){ref-type="fig"}); interestingly, the levels of other neuronal channels (i.e. Ca~v~2.2, K~v~1.1 and K~v~1.2) were unchanged by KO of CSPα. Consistent with this novel finding in mice, we further observed that BK channel levels were dramatically increased in murine CNS-derived neuroblastoma cells following expression of a dominant negative form of CSPα containing a mutated HPD sequence ([Figures 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}). The HPD motif is essential for the overall activity of the heterotrimeric CSPα chaperone complex. Collectively these fundamental observations imply that CSPα normally acts to dampen or limit BK channel density at the cell surface, and that silencing or disruption of CSPα\'s activity leads to increased channel expression.

Biologically, it is possible that wild type CSPα limits BK channels by a cellular control mechanism in which CSPα acts to (1) reduce export of BK channels from the endoplasmic reticulum to the cell membrane and/or (2) increase channel removal/exit from the plasma membrane to lysosomes or proteasomes. Inactivation of CSPα, either by mutations or loss of the protein, disrupts this regulatory activity, thereby allowing BK channels to accumulate at the cell surface. Such regulatory steps are not without precedent; earlier studies demonstrate that CSPα and Hsp40 limit the exit of the cystic fibrosis transmembrane conductance regulator (CFTR channel) from the ER[@b39][@b56], while DnaJA1 and DnaJA2 similarly reduce ER export of the hERG (human ether-a-go-go related gene) channel[@b37]. Our data showing that BK channels are also targeted by CSPα are consistent with this general paradigm. However, an alternate scenario whereby CSPα targets other cellular proteins (e.g. transport machinery) that in turn regulate BK export to/retrieval from the plasma membrane is also possible. Fernandez-Chacon\'s group has found a defect in synaptic vesicle recycling at motor nerve terminals in CSPα null mice[@b32] and Chandra\'s group has found that CSPα regulates polymerization of dynamin, an essential component of the endocytotic machinery[@b24], pointing to synaptic vesicle trafficking issues. The defective assembly of the exocytotic machinery due to reduced SNAP25 levels reported by Sudhof and colleagues makes a further case for changes in neuronal membrane trafficking in the absence of CSPα[@b30][@b31]. The role that these other CSPα clients may play in BK channel proteostasis remains to be determined. That said, it is clear from the data presented in [Figure 1](#f1){ref-type="fig"} that the CSPα-related increase in neuronal BK channel expression is selective, based on the absence of change found in Ca~v~2.2, K~v~1.1 and K~v~1.2 protein levels. In this way, the cellular chaperone system, in addition to making 'decisions\' about the folding/misfolding status of cellular ion channels, also monitors BK channel density. An interesting extension of the present study will be to investigate the role that CSPα plays in modulating mutant BK channels (e.g. D434G) associated with human epilepsy and movement disorders[@b11].

Our data further indicate that the recently identified, human disease-associated CSPα mutations CSPα~Δ116~and CSPα~L115R~are also capable of increasing BK current, suggesting that the neuronal sorting and trafficking of BK channels is altered by these mutations within the cysteine string region. While CSPα~Δ116~and CSPα~L115R~increase BK channel density at the membrane, the increase is not as large as that observed with CSPα~HPD-AAA~ ([Figure 3](#f3){ref-type="fig"}), suggesting that CSPα~Δ116~and CSPα~L115R~mutations may result in only a partial loss of CSPα function. These same mutations were recently identified as the cause of ANCL in young adults[@b52][@b53][@b54] and lead to lysosomal accumulation of lipofuscin, along with dementia and motor deficits. Current understanding of CSPα\'s link to lysosomal dysfunction, ceroid deposition and synapse maintenance is limited.

Is CSPα dysfunction involved in diseases other than ANCL? Although dysfunction of CSPα, through either mutations or genetic deletion, has been linked to synaptic loss, the involvement of CSPα in neurodegenerative diseases other than ANCL is not clear. CSPα is reduced in the frontal cortex of humans with Alzheimer\'s disease[@b24] suggesting that a reduction in CSPα\'s neuroprotective capacity plays a role in Alzheimer\'s disease progression. Rescue of CSPα null mice with α-synuclein, but not α-synuclein A30P, the mutation associated with Parkinson\'s disease, implies a link between CSPα and the degenerative cascade in Parkinson\'s disease[@b29]. In experimental models, mutant huntingtin interferes with CSPα chaperone activity, suggesting that CSPα is compromised in Huntington\'s disease[@b57]. It is also reported that CSPα is reduced in rats following chronic morphine administration[@b58][@b59]. Despite these reported connections between reduced CSPα activity and the pathogenesis underlying distinct neurodegenerative diseases, numerous details remain to be established regarding the potential causality between CSPα dysfunction and the loss of synaptic integrity. Growing evidence suggests that the large J protein family, acting in concert with Hsc70/Hsp70, has links to neural diseases. In addition to the mutations in DnaJC5 (CSPα) associated with ANCL, mutations in the related J protein DnaJC6 (auxilin) results in juvenile Parkinsonism[@b59]. Similarly, mutations in sacin lead to autosomal recessive spastic ataxia of Charlevoix-Saguenay[@b60], mutations in DnaJB2 (HSJ1) cause lower motor neuron disease[@b61], while mutations in DnaJB6 (mrj) are implicated in muscular dystrophy[@b62], Parkinson\'s[@b63] and Huntington\'s disease[@b64].

Does BK channel over-expression contribute to degeneration under conditions in which CSPα is absent or dysfunctional? CSPα-mediated changes in BK levels may potentially contribute to the progressive activity-dependent neurodegeneration associated with CSPα loss/dysfunction, however there is currently no direct evidence supporting this idea. Indeed, high levels of BK channels in nerve terminals would be predicted to alter membrane excitability and could explain the increased synaptic depression in CSPα null mice observed by Sudhof and colleagues[@b14]. The severe age-dependent[@b14] and activity-dependent degeneration[@b22][@b23] of synaptic function in CSPα KO mice argue that increased BK channel activity may be intimately involved in the pathogenic sequence of events that lead to synaptic deterioration; however this scenario has not been directly examined thus far. Future studies will undoubtedly explore the potential link between BK channel-associated neuropathies (i.e. ataxia, epilepsy) and CNS vulnerability to neurodegeneration in the absence of CSPα.

In summary, our data demonstrate that CSPα is capable of regulating BK channel expression in a neuronal cell model and establish key residues within CSPα for this regulatory activity. Mutations of CSPα in the N terminal J domain or central cysteine string region lead to an increase in total and cell surface BK channel expression, resulting in greater BK channel current density. In parallel, increased BK channel expression is also found in the brain of CSPα null mouse, demonstrating that loss of CSPα function alters BK channel expression in the intact CNS, which may lead to altered neuronal membrane excitability ([Figure 6](#f6){ref-type="fig"}). Based on these findings, we speculate that alterations in the cell surface expression of neuronal BK channels may contribute to the pathogenesis of neurodegeneration associated with either genetic loss or dysfunction of CSPα.

Methods
=======

Cell culture
------------

CAD (CNS catecholaminergic derived) mouse neuroblastoma cells were seeded into 6 well plates and grown in DMEM/F12 medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin, as previously described[@b42][@b65]. The established rat aortic smooth muscle cell line A7r5 was grown in DMEM containing 10% FBS, as described previously[@b55]. Cells were lysed in 40 mM Tris (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1 mM EGTA, 1 mM Na~3~VO~4~, 0.1% SDS, 1% (v/v) Triton X-100, 0.5 mM PMSF and protease inhibitor (Sigma) at 4°C for 1 hour. Lysates were centrifuged at 15000 × g for 5 minutes at 4°C and the supernatant (soluble fraction) was collected and stored at −70°C. For transient transfection, CAD cells grown on 35 mm dishes were washed in PBS and transiently transfected using \~1.5 μg of cDNA and 7 μl of Lipofectamine-2000 (Invitrogen) per dish. Reagents were mixed in 0.2 ml of Opti-MEM medium and then diluted to a total volume of 1 ml with DMEM. Protein concentration of the soluble CAD cell lysate was determined using the Bradford assay (BioRad).

Immunoblotting
--------------

Proteins were electrotransferred from polyacrylamide gels to nitrocellulose membrane (0.2 μm pore size) in 20 mM Tris, 150 mM glycine and 12% methanol. Membranes were blocked in phosphate-buffered saline (PBS) containing 0.1% Tween 20, 4% (w/v) skim milk powder and then incubated with primary antibody overnight at 4°C. The membranes were washed and incubated with horseradish peroxidase-coupled secondary antibody for \~2 h at room temperature. Bound antibodies on the membranes were detected by incubation with the West Pico chemiluminescence reagent (Pierce Chemical Co.) and exposure to Kodak x-ray film. The chemiluminscent signals were quantified using a Biorad Fluor-S MultiImager Max and Quantity One 4.2.1 software. Representative western blot data were gathered from single blots and single exposures. Primary antibodies were obtained as follows: BK polyclonal and Ca~v~2.2 polyclonal (Millipore), BK monoclonal, c-myc monoclonal and flotillin monoclonal (BD Biosciences), K~v~1.1 monoclonal and K~v~1.2 monoclonal (NeuroMab), SNAP25 monoclonal (Sternberger monoclonals), syntaxin monoclonal, GAP43 monoclonal, and β-actin monoclonal (Sigma-Aldrich).

Quantitative Real Time-PCR
--------------------------

Whole brains were dissected from CSPα null and wild-type mice and immediately frozen at −80°C. Total RNA was isolated using the RNeasy Lipid Tissue Mini Kit (Qiagen) and reverse transcription was performed with 1 μg total RNA using the Quantitect Reverse Transcription Kit (Qiagen) following the manufacturer\'s instructions. For the negative control groups, all components except the reverse transcriptase were included in the reaction mixtures. Real-Time PCR with either BKα subunit (KCNMA1) primers (Forward: 5′-TCTCAGCATTGGTGCCCTCGTAAT-3′ Reverse: 5′-GTAGAGGAGGAAGAACACGTTGAA-3′) or actin (ACTB) primers (Forward: 5′ ACTGTCGAGTCGCGTCCA-3′ Reverse: 5′ GCAGCGATATCGTCATCCAT-3′) was performed using the Quantitect SYBR green PCR kit (Qiagen). Mouse ACTB was utilized as the reference gene. The running protocol involved 40 cycles consisting of sequential incubations at 94°C for 15 s, 55°C for 30 s and 72°C for 15 s using an Eppendorf Realplex 4 Mastercycler. PCR specificity was confirmed by dissociation curve analysis. Quantification cycle values (C~q~) were determined with Realplex version 1.5 software, using the software\'s default noise band settings to determine the threshold fluorescence. Relative expression of KCNMA1 normalized to the ACTB reference gene in CSPα KO versus wild-type mice was determined using the 2^−ΔΔCq^ method ([Table 1](#t1){ref-type="table"}).

PCR assay validation was performed by testing serial dilutions of pooled template cDNAs, which indicated a linear dynamic range of 33--0.0033 ng template and yielded standard curves with slopes of −3.53 and −3.31 for KCNMA1 and ACTB, respectively, and R^2^ values \>0.99 and percent efficiencies of 91.8 and 100.3% for KCNMA1 and ACTB, respectively. No fluorescence was detected in negative template controls. RNA integrity was confirmed by performing agarose gel electrophoresis of the isolated mouse brain total RNA preparations denatured with glyoxal sample buffer (Ambion). This analysis yielded intensity ratios between the 28 S and 18 S rRNA bands of 1.85--2.04 for all the samples tested[@b66].

Biotinylation of cell surface BK channels
-----------------------------------------

CAD cells stably expressing murine brain BKα subunits[@b43] were transfected with CSPα variants, as described above. 24 h post-transfection, the cells were washed three times with PBS. CAD cells were then incubated with EZ-Link Sulfo-NHS-SS Biotin (Thermo Scientific) (1 μg/ml) in PBS for 30 min at 4°C. As a negative control, cells were incubated only with PBS. The reaction was neutralized by addition of 1% (w/v) BSA in PBS for 10 min at 4°C. After neutralization, cells were washed thrice with ice-cold PBS to remove non-reacted biotin, and were harvested in 1 ml of PBS containing 1% v/v Triton X-100 and protease inhibitor (complete, EDTA-free, Sigma) by an incubation for 2--5 minutes on ice. The lysates were centrifuged at 15,000 × g for 15 min at 4°C and the soluble protein concentration was determined using the Bradford assay (Bio Rad).

For streptavidin pull-down, 1 mg of the soluble protein lysate was incubated with 100 μl streptavidin agarose beads (50% slurry) (Thermo Scientific) overnight at 4°C on a rotator. Beads were rinsed thrice with 1% Triton X-100 in PBS. Biotinylated proteins were eluted from the beads by adding 2× Laemmli sample buffer (62.2 mM Tris HCl pH 6.8, 7.5% v/v Glycerol, 2% w/v SDS, 0.015 mM Bromophenol Blue, 1.2% v/v β-Mercaptoethanol and 100 mM DTT) and treating the samples at 37°C for 1 h. Following elution, proteins were separated by SDS-PAGE using a 10% polyacrylamide gel and BKα subunits were detected by Western blot analysis.

Stable transfection of CAD cells
--------------------------------

To establish a stable BK channel expressing cell line, CAD cells were transiently transfected in 100 mm culture plates with pcDNA3.1 Zeo(+) plasmid containing cDNA encoding a BKα subunit originally cloned from murine brain[@b43]. 48 h post-transfection, cells were plated and grown in media containing 0.8 mg/ml Zeocin (Invitrogen). Non-transfected cells were used as negative control. The selection medium was switched every 3 to 4 days until cell foci were identified. Cell foci were isolated with cloning cylinders and transferred into 12-well plates before expanding colonies in 6-well plates. The stable expression of the BK channel was confirmed by Western blot analysis and immunocytochemistry. Individual CAD cell clones stably expressing BKα subunits were subsequently maintained in DMEM/F12 medium containing 0.5 mg/ml Zeocin.

Whole cell patch clamp recordings
---------------------------------

Voltage-clamp measurements were performed using conventional, ruptured membrane patch clamp methodology in combination with an Axopatch 200B amplifier, Digidata 1440 series analogue/digital interface and pClamp v10 software. Whole cell electrical signals were typically filtered at 1--2 kHz and sampled at 5 kHz. Glass micropipettes (2--4 MΩ tip resistance) were pulled from thin-walled borosilicate capillaries and contained 100 mM KOH, 30 mM KCl, 1 mM MgCl~2~, 0.005 mM CaCl~2~, 10 mM HEPES, pH 7.3 with methanesulfonic acid. The bath chamber was placed on the stage of Nikon TE2000 inverted microscope equipped with epifluorescence illumination and perfused with a modified Ringer\'s saline solution containing 135 mM NaCl, 5 mM KCl, 1 mM MgCl~2~, 2.5 mM CaCl~2~, 5 mM 4-aminopyridine and 10 mM HEPES, pH 7.3 with 1N NaOH. Cells in the bath chamber were constantly superfused at \~2 ml/min and solution changes were performed by gravity flow from a series of elevated solution reservoirs using manually controlled solenoid valves. All electrophysiological recordings were performed at 35--37°C. CAD cells stably expressing BK channels were transiently transfected with either wild-type or mutant CSPα cDNA constructs, together with eGFP. Transfected cells were identified in the recording bath by their green fluorescence using 488 nm excitation and 510 nm emission filters.

Immunocytochemistry
-------------------

Transfected CAD cells were plated on sterile glass coverslips and washed three times with PBS to remove medium and serum, then fixed by incubation for 25 min at room temperature in PBS containing 1% (w/v) formalin. Cells were washed thrice with PBS and permeabilized by incubation for 5 min in PBS containing 0.01% Triton X-100. Cells were then washed three times in PBS and incubated in blocking solution (5% v/v donkey serum, 0.05% v/v Tween-20 in PBS) to reduce non-specific antibody binding. Cells were then incubated with anti-BK channel polyclonal antibody (Millipore, 1:400 dilution) overnight at 4°C in blocking solution, then washed five times with PBS. Cells were incubated at 4°C for 1 hour in blocking solution containing goat anti-rabbit secondary antibody conjugated to Cy3 (Jackson ImmunoResearch, 1:2000). Cells were rinsed once with blocking solution and washed three times with PBS. Coverslips containing stained cells were mounted onto glass slides with a drop of mounting media (Prolong Gold, anti-fade, Invitrogen) and images were taken on an Olympus Fluoview FV10i confocal microscope using a 60× (oil immersion) objective (NA:1.35). Laser intensity and sensitivity were maintained at 40% for all images, with a confocal aperture of 1.35. Fluorescence signal intensities of individual cells were analyzed and quantified using CellSens Dimension digital imaging software (Olympus).

Isolation of Tissue Fractions from Mouse Brain and Aorta
--------------------------------------------------------

CSPα^−/+^ mice were obtained from Jackson Labs (Bar Harbor, Maine) and genotyped as previously described[@b14]. All mice were maintained in accordance with an animal protocol approved by the University of Calgary and the Guidelines for Lab Animal Safety (NIH). Mice (age 23--27 days) were anesthetized with isofluorane and euthanized and intact brain tissue obtained from wild-type, heterozygote and CSPα KO mice were fractionated. Briefly, a mouse brain was homogenized in 7 mls of ice cold 0.32 M sucrose, 10 mM HEPES, 1 mM EGTA, 0.1 mM EDTA and 0.3 mM PMSF with 15 up and down strokes using a Teflon glass homogenizer. The homogenate was centrifuged at 4°C for 7 min at 1,000 × g and the supernatant (S1) collected. The S1 supernatant was then spun for 15 min at 22,000 × g and the resulting supernatant (S2) was discarded. The pellet (P2) was washed by re-suspension in the above sucrose solution and then re-centrifuged at 22,000 × g. The final pellet, representing washed-crude synaptosomes, was re-suspended in 4 ml of sucrose buffer.

Thoracic and abdominal aorta was removed following euthanasia and cleaned of extraneous tissue. Each isolated aorta was then placed in an Eppendorf tube, immediately frozen on dry ice and stored at −80°C. Thawed aortic tissue was minced into small pieces and then disrupted in the tube using a tight-fitting plastic pestle. Tissue pieces were suspended in 0.2--0.3 ml of ice-cold solubilization buffer (10 mM Tris HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 1 mM benzamidine, and 5 μg/ml each of leupeptin, aprotinin and pepstatin A) and kept on ice for 45--60 min with occasional mixing. The crude homogenate was then centrifuged at 1000 × g for 5 min at 4°C and the supernatant was collected. Following determination of protein concentration, the soluble fraction was used for Western blot analysis.
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Supplementary information and figures

![Comparison of protein levels for BK, Ca~v~2.2, K~v~1.1 and K~v~1.2 channels in whole brain tissue from CSPα wild-type, heterozygous and null mice.\
(A) Representative western blot data of the pore-forming α subunits of BK channel, Ca~v~2.2 channel, K~v~1.1 and K~v~1.2 channels detected in synaptosome-enriched membrane fractions prepared from whole brain (age P23--27). The total protein loaded per lane was 40 μg; detection of β-actin on the same blots was used to verify equal loading amongst the various lanes. The data shown in panel A were selected from full-length western blot images, which are displayed in [Supplementary Figure 1](#s1){ref-type="supplementary-material"}. (B) Histogram showing average data for BK, Ca~v~2.2, K~v~1.1 and K~v~1.2 channel protein in the wild-type, heterozygous and null brain samples quantified by camera-based detection of emitted chemiluminescence. To perform quantification, the ratio of detected channel protein to β-actin for a given sample was calculated for all three genetic backgrounds. Channel density data for the heterozygote and null tissues were then normalized to the wild-type tissue by dividing all calculated ratios by the wild-type ratio for a given channel species. (C) Histogram showing BK channel expression detected in aorta from CSPα heterozygous and null mice relative to wild-type mice. Quantification of BKα subunit detection was performed as described in panel B. Averaged Western blot data were derived from 5--6 animals (panel B) and 3--4 animals (panel C) of each genetic background (2--3 litters). \* indicates a statistically significant difference from the heterozygote and wild-type values, as determined by one-way ANOVA and a Tukey\'s post-hoc test; p \< 0.05.](srep02447-f1){#f1}

![CSPα~HPD-AAA~ increases BK channel levels in stably-transfected, BK channel expressing CAD cells.\
A schematic of wild-type CSPα, CSPα~HPD-AAA~, wild-type Hsp40 and Hsp40~HPD-AAA~ is shown at the top of the Figure, in which the J domain and the cysteine string regions are indicated. (A) Western blot analysis of BKα subunit expression in BK stable, CAD cells transiently transfected with either myc-tagged CSPα or CSPα~HPD-AAA~(0.75 μg cDNA each), or 1 μg cDNA encoding either myc-tagged Hsp40 or Hsp40~HPD-AAA~. pCMV plasmid (1 μg cDNA) was used as a transfection control. 48 h post-transfection, transfected cells were harvested and 30 μg of cell lysate were separated by SDS-PAGE, and probed with either an anti-BKα subunit antibody (upper) or an anti-myc antibody (middle). Detection of endogenous β-actin (lower) was used to verify similar sample loading. The BKα subunit data shown in the upper image of this panel were selected from a full-length western blot, which is displayed in [Supplementary Figure 2A](#s1){ref-type="supplementary-material"}. The histogram (panel B) quantifies the relative changes in cellular BKα subunit expression in the presence of WT and HPD-AAA mutant forms of CSPα and Hsp40. (Panel C) shows a series of representative western blots of proteins reported to undergo palmitoylation. Soluble lysates were prepared from BK stable CAD cells transiently transfected with either wild-type CSPα or the HPD-AAA mutant, as indicated at the top of the panel. eGFP was used as a transfection control. Samples in the left hand column (denoted by the minus sign) are lysates from non-transfected cells. Detection of β-actin was used as a loading control. Results are representative of 4 independent experiments that all provided qualitatively similar data. Statistically significant differences between values were determined by -ANOVA, \* p \< 0.05.](srep02447-f2){#f2}

![CSPα~HPD-AAA~ increases penitrem A-sensitive ionic current in BK channel stably-transfected CAD cells.\
Domain architecture of CSPα is shown at the top of the Figure. A. Electrophysiological analysis of BK stable CAD cells transiently transfected with either wild-type or mutant forms of CSPα. Single CAD cells were voltage clamped as depicted by the test pulse protocol shown on the left, and the selective BK channel inhibitor, penitrem A (100 nM) was used to isolate BK channel current. The current-voltage plot summarizes the penitrem A-sensitive, whole cell current density recorded from transfected cells, as described on the right hand side of the plot. Data are presented as mean ± SE, and statistically significant differences were determined using a one-way ANOVA and a Dunnett post-hoc test (vs. GFP alone); \* (p\<0.05), \*\* (p\<0.01). B. Representative families of whole cell currents recorded from BK stable CAD cells transiently transfected with either wild-type or mutant forms of CSPα in response to voltages steps ranging from −20 to +200 mV. The left hand column displays total whole cell current recorded from cells under the indicated transfection conditions. The middle column shows current remaining in the presence of the BK channel blocker penitrem A, and the right hand column displays the calculated difference currents obtained by digitally subtracting the currents evoked in penitrem A from the total whole cell currents. Scale bars are indicated.](srep02447-f3){#f3}

![Transient transfection with CSPα or CSPα~HPD-AAA~ has no effect on BK channels in A7r5 cells stably expressing murine brain BK channels.\
(A) Penitrem A-sensitive current density plot demonstrated no significant difference between the treatments at 100 mV. Evoked current was \>5-fold higher than native A7r5 cell current at the same potential (data not shown). (B) Immunocytochemical staining of A7r5 cells with anti-BKα subunit antibody demonstrated BK channel expression. Data shown are representative of at least five different experiments.](srep02447-f4){#f4}

![CSPα~HPD-AAA~ increases cell surface expression of BK channel stably-transfected CAD cells.\
(A) CAD cells stably-expressing BK channels were transiently-transfected with 0.75 μg CSPα, CSPα~HPD-AAA~and pCMV (negative control). 48 h post-transfection, the cells were labeled for 30 min at 4°C with bath applied Biotin. Following lysis, 1 mg of soluble protein lysate was subjected to overnight streptavidin pull-down at 4°C. Proteins isolated by streptavidin pull down (panel A, left) and 30 μg of soluble cellular lysate (panel A, right) were analyzed by Western Blot with an anti-BKα subunit antibody. β-actin (lower) is shown as a sample loading control. The BKα subunit data shown in the upper image of panel A were selected from a full-length western blot, which is displayed in [Supplementary Figure 2B](#s1){ref-type="supplementary-material"}. The histogram in (panel B) quantifies the relative changes in cellular BK channel expression in the presence of WT and various mutant forms of CSPα (i.e. HPD-AAA, CSPα~L115R~and CSPα~Δ116~), as depicted in panel C. Data are presented as mean ± SE; the number of cells analyzed under each condition is indicated in parentheses. Statistically significant differences were determined using a one-way ANOVA and a Dunnett post-hoc test (vs. GFP alone); \* (p\<0.05), \*\* (p\<0.01). (C) Immunocytochemistry of BK stable CAD cells transiently transfected with GFP and various forms of CSPα. Transfected CAD cells were immunostained with an anti-BKα subunit antibody and examined by fluorescence microscopy (see Methods). Quantified fluorescence signal intensities for BKα subunit expression (as shown in red) under all treatments were normalized to the GFP alone condition. Displayed data are representative of three separate experiments.](srep02447-f5){#f5}

![Cartoon highlighting the impact of CSPα dysfunction on BK channel density in the synaptic membrane and possible resulting changes in membrane excitability that may ultimately promote neurodegeneration.](srep02447-f6){#f6}

###### BK Channel (KCNMA1) mRNA levels in wild-type and CSPα knockout mice[a](#t1-fn1){ref-type="fn"}

  Animal              KCNMA1 C~q~     ACTB C~q~        ΔC~q~         ΔΔC~q~      KCNMA1 expression relative to WT (2^−ΔΔCq^)
  ------------------ -------------- -------------- ------------- -------------- ---------------------------------------------
  *Wild-type*                                                                                          
  1                   21.42 ± 0.20   18.84 ± 0.20   2.58 ± 0.12                                        
  2                   21.50 ± 0.37   18.86 ± 0.25   2.65 ± 0.30                                        
  3                   21.66 ± 0.16   19.05 ± 0.11   2.61 ± 0.27                                        
  4                   21.55 ± 0.20   18.87 ± 0.13   2.68 ± 0.16                                        
  5                   21.85 ± 0.27   18.60 ± 0.04   3.25 ± 0.24                                        
  **Average**         21.60 ± 0.41   18.84 ± 0.43   2.75 ± 0.34   0.00 ± 0.68                  1.0 (0.6 − 1.6)
  *CSP*α *^(−/−)^*                                                                                     
  6                   22.05 ± 0.27   19.90 ± 0.17   2.15 ± 0.10                                        
  7                   22.03 ± 0.13   19.44 ± 0.10   2.59 ± 0.04                                        
  8                   21.66 ± 0.16   18.69 ± 0.09   2.97 ± 0.08                                        
  9                   21.25 ± 0.20   18.57 ± 0.13   2.68 ± 0.14                                        
  10                  21.58 ± 1.03   18.89 ± 1.00   2.69 ± 0.13                                        
  11                  21.65 ± 0.51   19.21 ± 0.53   2.60 ± 0.29                                        
  **Average**         21.71 ± 0.55   19.12 ± 0.64   2.61 ± 0.27   −0.14 ± 0.61                 1.1 (0.7 − 1.7)

BK channel (KCNMA1) mRNA levels were measured by qRT-PCR in whole brain tissue from both WT and CSPα null mice at post-natal age 23--27 days. mRNA levels were normalized to those of actin (ACTB). ^a^Quantification cycle (C~q~) values are expressed as the average determinations ± standard deviation from 3 to 4 separate analyses of each brain tissue. ΔCq values were determined and then averaged.
